Introduction
It is generally accepted that continental crust is formed chiefly along plate margins in relation to subduction of oceanic crust and accretion of island or continental arcs, although details are still debated (Amelin et al., 1999; Arculus, 1999; Fyfe, 1978; Hawkesworth and Kemp, 2006; Hawkesworth et al., 2013; Rudnick and Fountain, 1995; Rudnick and Gao, 2003; Thybo and Artemieva, 2013) . Greenstone belts with intervening gray gneisses, widespread in southern Africa and other cratons worldwide, are classic examples of Archean continental crust that has been generated in volcanic arcs and later assembled into the cratons by processes similar to modern plate tectonics (Condie, 1997; de Wit et al., 1992) .
It has for long been recognized that the cratons of southern Africa (the Kaapvaal and Zimbabwe Cratons and the intervening late Archean Limpopo Mobile Belt, termed altogether the Kalahari Craton (Clifford, 1970) ) comprise some of the oldest continental crust with ages as old as ca. 3.5-3.7 Ga (Cahen et al., 1984; Hamilton et al., 1979; Thomas et al., 1993) (Fig. 1) . It is thus of little surprise that crustal structure of the Kalahari Craton has been the focus of numerous geophysical, geochemical, and geodynamic studies that aimed at understanding the processes of formation and evolution of continental crust in different tectonic environments (Cooper, 1990; Kröner, 1976) . Two, apparent "end-member", concepts for the structure of cratonic continental crust have been proposed about two decades ago based on the limited seismic data available at that time. One concept proposes that Proterozoic crust is thicker than Archean crust, largely due to the presence of a thick lower crustal layer in Proterozoic crust which is absent in Archean crust Mooney, 1991, argued by Wever, 1992) . The other concept suggests that, on average, the thickness of Archean and Proterozoic crust is approximately the same (Rudnick and Fountain, 1995) . It is clear, however, that the present-day crustal structure of Precambrian cratons reflects a long evolutionary history with modification by numerous tectonic and magmatic processes, and thus no simple age relationships should be expected, but rather strong structural and compositional heterogeneity at all scales, such as reported, for example, for the Indian Craton (Gupta et al., 2003) .
To image the crust and upper mantle beneath the Archean and Proterozoic parts of the Kalahari Craton and the adjacent Phanerozoic provinces, the Southern African Seismic Experiment (SASE, Fig. 2 ) was designed with an array of broad-band stations deployed at 82 sites in 1997-1999 (Carlson et al., 1996) . However, the absence of regional seismicity and the large lateral spacing between stations in the SASE array limit the resolution of the crustal models constrained by teleseismic body wave and surface wave tomography. In particular, the P-wave velocity structure of the upper 50 km (the crust) cannot be resolved by teleseismic body wave tomography (James et al., 2001a (James et al., , 2001b . Similarly, surface wave tomography can only produce velocity models at periods longer than~20 s, which mainly constrains the upper mantle , ORDS = Olifants River (0.8-1.7 Ga &~2.5-2.9 Ga); EK = Eastern Kaapvaal Craton (3.4-3.7 Ga); GG = Gaborone granites (ca. 2.0 Ga); LB = Limpopo Belt (Ga 2.7); NNMB = Namaqua-Natal Mobile Belt; PGM = Pietersburg-Giyani-Murchison Belt includes MGB = Murchison Greenstone Belt (3.2-3.0 Ga) and PGT = Pietersburg-Giyani terrane (N3Ga); TML = Thabazimbi-Murchison Lineament Belt (2.7 Ga); WB = Witwatersrand Basin (2.05 Ga); V = Vredefort impact structures(2.023 Ga); VG-LIP = Ventersdorp group (graben 2.7 Ga; 2.05 Ga) and LIP (2.05 Ga); WK = Western Kaapvaal Craton(3.1-3.3 Ga).
instead of the crust (Dahlen and Tromp, 1998; Ritzwoller and Levshin, 1998) . To improve the resolution, the small, dense Kimberley Telemetered Array (KTA) was additionally deployed for five months during the second year of the SASE deployment near a large population of kimberlite pipes. However, the KTA array covers only a very small portion of the Kaapvaal Craton and cannot constrain crustal structure on craton scale. Given the geometry of the SASE array, the crustal structure, including the Moho depth, of southern Africa can best be inferred from teleseismic RF analysis (e.g., Gore et al., 2009; Nair et al., 2006; Nguuri et al., 2001; Niu and James, 2002; Vinnik et al., 2012) , combined with surface wave tomography (Kgaswane et al., 2009 (Kgaswane et al., , 2012 , or from interpretation of regional body waves (e.g., Kwadiba et al., 2003; Wright et al., 2004) , finite-frequency surface wave tomography (Chevrot and Zhao, 2007) , ambient and teleseismic tomography (Yang et al., 2008) , as well as from a combination of seismic and potential field data (Webb et al., 2004) . RF analysis provides high vertical resolution of the crustal structure, in particular by including analysis of the freesurface reverberation phases (Niu and James, 2002; Shibutani et al., 1996) . Compared to the RF models, the tomography models have weaker lateral and vertical resolution and provide a smoother image of the crustal structure, although ambient noise tomography yields a reasonable vertical resolution for the crust at periods from 6 s to 40 s (Yang et al., 2008) .
The high quality seismic data from the SASE experiment has provided a basis for several detailed studies of crustal architecture of the Kalahari Craton. Due to technical limitations of the different approaches, these results suggest that the crust beneath the Kaapvaal and Zimbabwe Cratons is relatively thin (35-40 km) with a flat Moho-discontinuity (Nair et al., 2006; Nguuri et al., 2001; Niu and James, 2002; Yang et al., 2008) . In agreement with earlier conclusions (Durrheim and Mooney, 1991) , a large velocity and density contrast at the Moho may be attributed to the lack of a high velocity mafic layer in the lower crust. In contrast, the crust of tectonically reworked blocks (in particular the northern Kaapvaal Craton and the Limpopo Mobile Belt) is significantly thicker (N45 km) and more mafic than the crust of central Kaapvaal. However, deep crustal roots with the presence of thick mafic underplated material, as documented in other cratons, have not been reported so far in southern Africa. For example, recent seismic studies in the Archean terranes of North America and the Baltic Shield indicate the presence of an up-to 60 km thick crust with a very thick (10-25 km) high velocity mafic layer (Vp~7.2-7.5 km/s beneath Central Finland and 7.5-7.9 km/s beneath the Medicine Hat-Wyoming blocks) (Clowes et al., 2002; Peltonen et al., 2006) . In both cases, seismic models are supported by petrologic data from lower crustal xenoliths and the high velocity basal layer is interpreted as mafic underplating .
Here we present a new model of the crustal thickness of the Kalahari Craton based on the first full Hk-stacking interpretation of data recorded by all 82 broadband seismic stations of the SASE experiment and three permanent stations in southern Africa. Our approach is based on Receiver Function (RF) analysis of P to S conversions derived from the best quality data by application of the Hk-stacking technique to the main converted phases and their multiples. As a result, we distinguish significant small-scale heterogeneities in the thickness and chemical composition of the crust as reflected in our new Vp/Vs crustal model for the entire array. We further compare our new comprehensive crustal model with other regional models of crustal thickness and Vp/Vs based on the SASE array and discuss reasons for model differences, as well as geodynamic interpretations of their robust and wellconstrained features in relation to regional tectonic evolution.
Tectonic setting
Southern Africa comprises a mosaic of the best-preserved and exposed crustal blocks which were assembled in early-late Archean and subsequently modified by several major Precambrian and Phanerozoic tectonothermal events (Cooper, 1990; de Wit et al., 1992; Thomas et al., 1993) . It is outside of the scope of this paper to present an overview of the tectonic evolution of the region and we limit our brief summary to the major events which may have affected the crustal structure (Fig. 1) .
Early Archean formation of cratonic nuclei
• The cratonic nuclei started with regional formation of continental lithosphere (the granite-greenstone terranes of the Kaapvaal and Zimbabwe Cratons, 3.2-3.7 Ga) through intra-oceanic obduction of hydrated Archean oceanic crust. The oldest crust is ca. 3.4-3.7 Ga in the ancient core of the eastern-southeastern parts of the Kaapvaal Craton (the Swaziland Ancient Gneiss Complex and the Komati greenstones of the Barberton Greenstone Belt) (Cahen et al., 1984; Hamilton et al., 1979; Thomas et al., 1993) and ca. 3.5 Ga in the gneisses of the oldest known Tokwe block of the southeastern Zimbabwe Craton (Rollinson, 1993; Smith et al., 2009 ); • The initial crustal formation was amalgamation of oceanic terranes, granitoid formation, and cratonization (3.1-3.3 Ga) (de Wit et al., 1992) ; which lead to the formation of a single, coherent crustal block in the southern and central parts of the Kaapvaal Craton by ca. 3.1 Ga (Thomas et al., 1993) . (Burke et al., 1985) , • the Olifants River Dyke Swarm (the oldest dated event is 2.5-2.9 Ga, followed by new events at 0.8-1.7 Ga), presently exposed in the northeastern Kaapvaal but probably substantially covered by sediments in the Witwatersrand Basin (Jourdan et al., 2006 ); • Amalgamation of cratonic blocks, and final stabilization of the Kalahari Craton, accompanied by emplacement of granites at~2.6 Ga (Rollinson, 1993) ; emplacement of the Great Dyke of Zimbabwe (2.575 Ga) -the last major tectono-thermal event that affected the Zimbabwe Craton (Jelsma and Dirks, 2002) .
Paleoproterozoic tectono-magmatic events
• Intracratonic extension, formation of the Transvaal (2.2-2.6 Ga) and Waterberg (1.8-2.0 Ga) basins, and of the Magondi Basin at the western margin of the Zimbabwe Craton (ca. 2.0-2.2 Ga) (Thomas et al., 1993) 2.05 Ga) in the northern part of the Kaapvaal Craton; it may extend far beyond its outcrops and it is the largest known layered mafic intrusion in the world (Von Gruenewaldt et al., 1985) ; • The Eburnian orogeny (ca. 2.0 Ga) along the western margin of the craton, amalgamation of the Kheis-Okwa and Magondi blocks to the craton. The Kheis orogeny (ca. 1.75 Ga) led to deformation and metamorphism of the Archean rocks along the western margin of the Kaapvaal Craton (Altermann and Halbich, 1991) .
Mesoproterozoic and Pan-African tectonics
• The Kibaran orogeny (ca. 1.1-1.3 Ga) at the western and southern margins of the Kaapvaal; formation of the Namaqua and Natal metamorphic Provinces by juvenile arc-related, volcano-sedimentary sequences (0.9-1.3 Ga); amalgamation of the Rehobothian and the Namaqua-Natal lithospheric terranes; reactivation of the Kheis province (Thomas et al., 1993) These plate tectonic events and plume-lithosphere thermo-chemical interactions which operated over a time span of almost 4 Gy resulted in the formation of an extremely complex crustal structure, highly heterogeneous in all parameters and at all scales.
Seismic data and processing

Seismic data
The Southern African Seismic Experiment (SASE) array extends NE-SW from the Cape Fold Belt in the SW to the central Zimbabwe Craton in the NE and crosses the Namaqua-Natal Mobile Belt, the core of the Kaapvaal Craton, and the Limpopo Belt, (Fig. 2) . 55 broadband seismic stations acquired data for 2 years at 82 sites with roughly 100 km station interval. At the end of the first year, about half the stations were redeployed, such that the centrally located stations recorded for ca. two years, while the peripheral stations recorded for approximately one year.
The 3-component broadband instruments recorded teleseismic events with broad distributions of azimuth and distance (Fig. 3) . We model seismic data from the entire array and seismic data available from three additional broadband digital stations of the Global Seismic Network (GSN). The current analysis is based on 6300 RFs from 220 events with magnitude ≥5.5 Mw at epicentral distances between 30°a nd 95°. These earthquakes provide a reasonably good distance and azimuth coverage (Fig. 3b) .
We analyze the P-wave coda that contains considerable information about the crustal structures including converted S-waves generated at various depths below the seismic stations. The incident teleseismic rays are subvertically covering a conical-like volume beneath the stations such that the piercing points form a ring with 8-11 km diameter at the Moho interface around the perpendicular projection below the station (Fig. 3a) .
Pds receiver functions
The principles of teleseismic conversion are described by classical geometrical-ray theory. Conversion at an interface between dissimilar materials occurs for both incident P-and S-waves with the partitioning of the energy between the different waves given by the Zoeppritz equations (Aki and Richard, 2002) . The RF technique is designed to isolate the P to S conversions (Langston, 1979; Vinnik, 1977) by deconvolution of longitudinal components from horizontal components in either the time or frequency domain (Ammon, 1991; Dueker and Sheehan, 1998; Park and Levin, 2000; Poppeliers and Pavlis, 2003; Sheehan et al., 2000) . On the assumption of an incident plane wave, the resulting waveform is an estimate of the impulse response at the stations as a function of slowness. With adequate distance coverage, RF can be used to determine the optimum depth of a discontinuity and the average velocity above it (Gurrola et al., 1994; Niu and Kawakatsu, 1998) . The travel time difference, δt (Pds-P) between the Pds phase (converted from P to S at the discontinuity at a depth d beneath the receiver) and the direct P-wave, is a function of the depth and dip of a crustal discontinuity, the velocity structure (Vp and Vs) above the discontinuity, and the epicentral distance. δt (Pds-P) is available only at a single epicentral distance, therefore estimation of the depth d from δt (Pds-P) requires a reference velocity model and the determined depth is therefore model dependent. Alternatively the waveform of the receiver function can be inverted to extract an estimate of velocity structure and depth by exploiting all the reverberations and conversions (e.g., Shibutani et al., 1996) .
Our RFs are calculated with the LQT method (Vinnik, 1977) in the version by Yuan et al. (1997) . The method involves rotation of the geographically-oriented seismograms into ray coordinates. This decomposes the wavefield into subvertical (P), vertically-polarized shear (SV) and horizontally-polarized shear (SH) components. Following common procedure (Kumar et al., 2005; Li et al., 2007; Oreshin et al., 2002; Vinnik et al., 2004a Vinnik et al., , 2004b Yuan et al., 1997) , the P and SV components are assumed to be orthogonal and are determined by rotating the vertical and radial waveforms until the P-component amplitude at the mean converted S arrival time sample is minimized. All radial and transversecomponent RFs are included in the analysis.
A straightforward frequency domain deconvolution can be unstable due to spectral holes in the vertical-component spectrum (Oldenburg, 1981) . Stabilization of this process can be obtained by either "pre-whitening" (Robinson, 1954; Yilmaz, 1987) or "water-level" (Ammon, 1991; Clayton and Wiggins, 1976; Langston, 1979) algorithms. The former adds a small component of random noise to the vertical component, while the latter sets a lower bound on the magnitude of the denominator terms (the vertical seismogram spectral elements) in a frequency domain spectral division. In this study, converted phases are isolated by iterative, time-domain spiking deconvolution (Gurrola et al., 1995; Ligorría and Ammon, 1999) with pre-whitening to stabilize the filtering. Pds phases are enhanced by stacking the deconvolved signals using the appropriate moveout corrections for different slowness (Yuan et al., 1997) .
Iterative time domain deconvolution works well even with complex signals, but regardless of deconvolution algorithm, the response at the receiver depends on the complexity of structures. Simple structures generally lead to better RF images (Ligorría and Ammon, 1999) . For this reason, the iterative real rotation angles (as compared to the model incidence angles derived from a standard velocity model such as IASP91) provide reasonable constraints at some sites of our study area. Some stations show noisy RFs if calculated using the model incidence angles; this may indicate complex crustal heterogeneity under some sites. We further filter the RF into two groups with band pass filtering of 1-20 s and 0.5-3.5 s before deconvolution which resolve different parts of the intra-crustal structure.
Hk-stacking
RFs include primary conversions and other coherent signals such as Moho reverberation phases, which are multiple reflections from the free surface and the Moho. RF studies have shown that one can estimate the average crustal Vp/Vs ratio (k) and simultaneously improve the determination of the Moho depth (H) by analyzing the arrival times of the converted and the reverberation phases (Niu and James, 2002; Zandt and Ammon, 1995; Zhu and Kanamori, 2000) . This approach uses a model with a sharp single discontinuity at the base of the crust, and so performs less well where there is a gradational base to the crust as is common in Proterozoic terranes (see e.g., Kennett et al., 2011) .
We carry out a grid search over the H-k space for determining the parameters that best explain the observed Moho conversion and its P and S multiples. We calculate the average values of H and k at each station, following the approach of Zhu and Kanamori (2000) . The clear Moho multiples observed in much of the SASE seismic data result in well-constrained estimates of both crustal parameters. We determine the optimum H-k parameters by stacking the P SV -RFs at each station along the travel time curves of the main converted and reflected phases at the Moho (Chevrot and van der Hilst, 2000) . We test a series of candidate depths H i in the range from 20 km to 70 km in increment of 0.1 km, and candidate k j from 1.60 to 2.0 in increment of 0.0025. We calculate the moveout of Pds (t 1 (i,j) ) using (Dueker and Sheehan, 1998; Sheriff and Geldart, 1993) where p is the P-wave ray parameter, H i is the depth of the candidate discontinuity, k j is the candidate apparent Vp/Vs, and V p (z) is the P-wave velocity at depth z. While the moveout, t 2 (i,j) of Ppds can be calculated using
The RFs at each station are stacked using
where n is the number of P SV -RFs at the station, S k (t) is the amplitude of the point on the kth RF at time t after the first P arrival (where t = t 1 , t 2 or t 3 ), and w 1 , w 2 , and w 3 are weighting factors that satisfy w 1 + w 2 + w 2 = 1 (Zhu and Kanamori, 2000) . The optimal pair of (H i ,k j ) is the one that gives the maximum stacking amplitude, which is determined manually from a contour plot.
Moho sharpness and uncertainty
Moho depth estimation is largely dependent on the average crustal Vp and therefore uncertainties in the H values are generally of the order of 2 km (Kumar et al., 2002) . Interpretation of seismic refraction profiles indicates insignificant variations in mean crustal velocity within a range of ±5%, which corresponds to an uncertainty of b3 km for the H estimation. Similarly, the small velocity variation has insignificant effects on the resulting k (Clarke and Silver, 1993; Zhu and Kanamori, 2000) . Errors in average velocity transfer into errors in the H-k parameters. The chosen value for the average seismic velocity bVpN was 6.5 km/s based on for southern Africa. Most of the events have epicentral distances N 65°( Fig. 3b ) which suggest that the rays arrive at the stations at nearvertical angles. Despite this fact, at some sites we observe significant changes in the RF patterns that may reflect small-scale heterogeneity in the crustal velocities. Changing the reference Vp by ±0.5 km/s, we find that H and k are perturbed with values of ±1 km and ±0.025, respectively.
A sharp transition at any discontinuity will produce strong converted and multiple phases. An abrupt velocity change at a discontinuity with little heterogeneity in the average velocity above it causes strong converted phases (the imaged crustal volume beneath the station has a cone-like shape with a maximum radius of~10 km at the Moho, assuming an event at 30°epicentral distance). Short wavelength changes in crustal velocity will reduce the stacked amplitude of the main RF phases (Pds, Ppds and Psds) and increase the uncertainty of the estimated parameters. The amplitudes of the converted phases depend on the contrast of the P-and S-wave velocities across the discontinuity, which is usually the main cause of strong signals.
The sharpness of the Moho, i.e., its thickness and the contrast in velocity and density across the crust-mantle transition, affects the amplitude and frequency of the converted Pds phase and the expression of the multiples. A sharp Moho produces strong Pds and multiple phases with relatively short waveform. Other factors may also affect the amplitude of the converted phases, including lateral variation in Moho depth, significant short-wavelength variations in density and velocity around the Moho, and velocity heterogeneity in the crust in general and, in particular, in the shallow crust around the station. Variation in velocities results in incoherent stacking and reduction in amplitude of the converted phases in stacked traces, whereas arrival time differences usually are smaller than the duration of the phases and therefore have limited effect on the stacked amplitude to instead affect the duration of the signal.
The sharpness of the Moho beneath a station can be quantified as the ratio between the stacked amplitude of the Pds phase, corresponding to the optimal pair of H and k, and the mean amplitude of the direct P wave on the SV components (Owens et al., 1984) . In order to reduce the effects of the other factors discussed above, we modify the method to improve the compatibility of the phases by measuring the regional average of the Pds signal for the whole array and use this average value as the reference. Our measure of sharpness is therefore calculated as the amplitude of the Pds phase for each stacked trace beneath a station normalized with the average regional Pds amplitude. Where the crust-mantle transitional is gradational the Moho multiples are reduced in amplitude, and the Vp/Vs ratio for the whole crust tends to be less well defined. Hk-stacking will place the equivalent discontinuity near the middle of the gradient zone.
Depth to Moho in southern Africa
Present study
We calculate 1-D RF stacks for the entire array ( Band pass filtering shows that the RF images are strongly frequencydependent through the cratonic regions of Kaapvaal, Zimbabwe and the marginal parts of Limpopo. Low-frequency (1-20 s) RFs show a relatively homogeneous crust with a sharp Moho (Fig. 5a ), whereas highfrequency (0.5-3.5 s) RFs show a clear mid-crustal discontinuity (MCD) in addition to the Moho conversion (Fig. 5b) .
The presence of this frequency dependence indicates structural complexity which may include anisotropy. Crustal anisotropy on the RFs signals is indicated by phase reversal of the 1-20 s P SV -and P SH -RFs at each station for the MCD and Moho phases through a 2π backazimuth cycle. The anisotropy effects cause an observed polarity reversal of the Pds, which tends to weaken the energy of, in particular, the stacked P SHRFs. For this particular case, we have therefore chosen to stack only positive signals. This feature will be the topic of additional studies (Youssof et al., in preparation) . We also find that the extreme crustal heterogeneity at some sites may lead to misinterpretation if the theoretical ray parameters are used for calculating the RFs. At these stations, we compare the results based on model and real ray parameters. Due to crustal heterogeneity, some stations show noisy RFs if calculated using the model incidence angles. This is illustrated, for instance, by station SA75 of Zimbabwe Craton (Fig. 6) where the P SV -RFs were calculated using both observational and theoretical ray parameters. In the LQT approach the P-wave contribution at zero-time should be suppressed when the appropriate slowness is used. The improvement with empirical incidence angles is clearly observed on the zero-time arrival as well as in the clarity of the Pds arrivals of the Moho and MCD convertors.
Our results indicate a highly heterogeneous structure of the crust with short wavelength variations in thickness (Fig. 7a , see also Fig. S1a ) and intra-crustal structures (Fig. 5 , see also Tables 1 and S1 for details). The stacked RFs image a sharp Moho transition between 4 and 5 s in the cratonic blocks of Kaapvaal and Zimbabwe as well as the marginal borders of Limpopo, which is consistent with previous observations (James et al., 2003; Nguuri et al., 2001; Niu and James, 2002) . A new observation is the strong Pds phases from the top of the lower crust. This phase is weak in the broadband RF but clearly observable in the high frequency RF. It is most pronounced in the Kaapvaal Craton with arrival times between 1.7 and 2.5 s, and is weak in the Limpopo Belt with arrival times of 2.2 to 2.8 s, whereas it is barely observable in the Zimbabwe Craton (Fig. 5b) . The Pds Moho signals in the mobile belts of Kheiss, Okwa, Namaqua-Natal and Cape Fold around the Kaapvaal Craton are scattered and have smaller amplitudes than in the Kaapvaal and Zimbabwe Cratons. Our use of the Hk-stacking for all stations (Fig. S4 ) provides reliable estimates of Moho depth and Vp/Vs ratio throughout the area. New results are the identification of significant short wavelength variations in Moho depth and Vp/Vs ratio, which indicate a heterogeneous crust at smaller scale than indicated by earlier studies.
The RFs observed in this study have mapped the Moho depths with the following trends over southern Africa ( In summary, the Archean cores of both the Kaapvaal and the Zimbabwe Cratons have crustal thicknesses of 35-40 km, whereas tectonic segments that have undergone compressional events, regardless of age (LB, NNMB), and the Bushveld Intrusive Complex (BIC) have crustal thicknesses of ca. 45-50 km. The Archean cores of both cratons show sharp Moho conversions (Pds) with strong P and S multiples (Ppds and Psds) and clear conversions from an intra-crustal boundary.
We have assessed the sharpness of the Pds waveform from the Moho based on the following criteria: a sharp Moho is characterized by high amplitude and short duration of the signal, whereas a gradual Moho is characterized by small amplitude and long signal duration. Similar analysis has earlier been successfully applied to data from controlled source seismology (Jensen and Thybo, 2002; Thybo et al., 1998) , where the Moho variability is related to magmatism and underplating in relation to basin formation.
The resulting map (Fig. 8, see also Fig. S3) shows that a sharp Moho is observed in thin crust with relatively small Vp/Vs in most of the Archean Zimbabwe and Kaapvaal cratons, and a gradual Moho is observed in thick crust at the Okavango Dyke Swarm, the Namaqua-Natal Mobile Belt and in the central and western parts of the Bushveld Intrusive Complex. We discuss tectonic implications of the Moho sharpness in Section 6.
Other regional crustal seismic models
Seismic reflection and refraction profiles image a slow and thin crust in the Witwatersrand Basin in the central and eastern Kaapvaal Craton and in the Namaqua-Natal Belt (de Wit and Tinker, 2004; Green and Durrheim, 1990) . conclude from a refraction study that 1) the Archean Kaapvaal has an average Moho depth of about 35 km with a slight positive velocity gradient beneath the Moho, 2) the crustal thickness ranges from about 30 km in the center of LB to 40 km within the Zimbabwe Craton, 3) NNMB has a Moho depth of 42 km and 4) the CFB has an average crustal thickness of 33 km. The interpretation of traveltimes of Witwatersrand mine tremors observed on a profile across the LB has revealed Moho depths between 30 and 35 km . These active source experiments are limited in coverage. Our results (Moho depths of 33-39 km) are generally in agreement with the active source results, in the core of Kaapvaal (Witwatersrand). However, the RF model indicates a significantly deeper Moho than the refraction model in the LB, NNMB and CFB.
A number of RF and tomography studies based on the SASE data (e.g., James et al., 2003; Kwadiba et al., 2003; Nair et al., 2006; Niu and James, 2002) 40 km depth in the Kaapvaal Craton (Fig. 7) . Moho depth estimations, based on RFs calculated for 35 teleseismic events for 79 stations, assuming Vp/Vs = 1.73 everywhere (Nguuri et al., 2001) , are in agreement with our results for the Archean cratonic core (Fig. 7e) , where the observed Vp/Vs is close to 1.73 (Fig. 9a) . However, where the Vp/Vs ratio deviates from 1.73 in crustal blocks that have undergone significant geodynamic reworking, there is a significant difference from the earlier results y (Fig. 7a and e) . Niu and James (2002) use crustal reverberations to estimate the velocity and density jump across the Moho and to determine Poisson's ratio at a 60 km × 40 km area of the crust at KTA (near station SA19). Their analysis of waveform broadening indicates a thickness of the Moho transition zone of less than 0.5 km and a maximum variation in crustal thickness over the KTA region of less than 1 km. In agreement with our results on the Moho depth and Vp/Vs ratio, the flat and almost perfectly sharp Moho at a depth of 34.5 km and low average crustal Poisson ratio of~0.254 indicates absence of a mafic lower crust. Local mining events recorded by the same array were used to model waveforms (James et al., 2003) . Beneath Kimberly, the average P-wave velocity is determined to be 6.46 km/s, which results in an average S-wave velocity of 3.71 km/s for the crust using a modified IASP91 crustal model. The estimated crustal thickness from the lapse time of Pds is 35.4 ±0.2 km, in a very good agreement with our and previous results from RF as well as refraction studies of that location surrounding Kimberly .
The first analysis of almost all of the SASE data (Nair et al., 2006) calculated 1445 radial RFs from 88 teleseismic events to determine the spatial variations in Moho depth for 72 SASE and 3 permanent stations (Fig. 7b) . These authors analyzed 44 stations with clear Pds, Ppds and Psds phases by Hk-stacking, but for the remaining 34 stations, they estimate H by assuming k = 1.73. Similar to the results of Niu and James (2002) , the Moho depth estimates are similar to the present study for the stations where Hk-stacking was used and where the assumed k = 1.73 is representative of the true crustal structure.
Based on 89 stations from both SASE and the Africa Array network, joint inversion of RFs and Rayleigh wave group velocities (Kgaswane et al., 2009 ) led to Moho depth estimates comparable to previous results, except for 9 stations (SA05, SA09, SA49, SA81, SUR, SA16, SA47, SA48, SA70) where their results deviate by more than ± 5 km from the RF results. Here the velocity profiles show complicated lower crustal structure, commonly with a gradational Moho. Our results show a more than 5 km deeper Moho for the NNMB, Kheiss and CFB than the results by Kgaswane et al. (2009) but are in agreement for the cratonic core where the difference between the two results is in average within ±2 km. Our deeper Moho estimate may arise from the positioning of an equivalent discontinuity within the gradient zone. In sharp contrast to other studies, Kgaswane et al. (2009) reported a surprisingly thin crust in most of the NNMB (Fig. 7d) where their Moho depth corresponds our interpretation of the mid-crustal discontinuity (MCD). Gore et al. (2009) find a crustal thickness of 42-53 km with a complex Moho in the LB, and 36-39 km in the Zimbabwe Craton with a relatively sharp and simple Moho and no apparent mid-crustal discontinuities. Joint inversion of high-frequency teleseismic RFs and 2-60 s period Rayleigh wave group velocities for 16 broadband seismic stations reveal deep Moho (a maximum depth of 45 km) in the center of the Bushveld Intrusion Complex (BIC) with a high velocity (Vs ≥ 4.0 km/s) lowermost crust (Kgaswane et al., 2012) . For most of the stations, the thickness of this layer exceeds 5 km, but for a few stations (e.g., station SA50), it is less. Moho depth is similar in our model in the BIC while for the 7 stations outside of BIC it is 2 km deeper ( Fig. 7a  and c) . The presence of the fast lowermost crust may be associated with magmatic underplating.
Pn tomography based on 1337 arrivals from 60 mining-induced tremors constrains the Moho depth at 46 stations in the Kaapvaal Craton, assuming a uniform upper mantle wavespeed across the entire region (Kwadiba et al., 2003) . The estimated Moho depth within the southern part of the craton is between 31 and 56 km, (average of 38.1 ± 0.9 km). These results differ from our RF model between +12.4 km at SA37 and −7.3 km at SA17. Moho depth is in the northern part of the craton between 41 and 59 km, (average of 50.5 ± 0.9 km) for 19 other stations. This is significantly deeper at all stations except SA40 than our model, (maximum +18 km difference). They argue that differences between the Pn and RFs results are due to variable seismic properties of mafic granulites in the underplated northern part of the craton, which results in lack of a clearly defined Moho in the RFs. However, we have not observed the signal after the Pds phase that could indicate a weak transition. Wright et al. (2004) refine the study of Kwadiba et al. (2003) . They conclude that the refracted arrivals from the mantle (Pn and Sn) indicate a crustal thickness of ca. 50 km in the northern part and ca. 38 km in the southern part of the Kaapvaal Craton, where the RFs estimates are 43.6 ± 0.6 km and 37.6 ± 0.7 km. Wright et al. (2004) argue that the estimates from RFs in the north may be caused by variations in composition and metamorphic grade in an underplated, mafic lower crust, resulting in a crust-mantle boundary that yields weak P-to-SV conversions (Wright et al. (2004) ). We do not observe evidence for such assumption in the RFs.
Ambient noise tomography for Rayleigh wave phase velocity maps at periods from 6 to 40 s (Yang et al. (2008) ) indicates the same trends in regional crustal thickness variations as most of our study, with a relatively thin crust in the Kaapvaal and Zimbabwe Cratons (ca. 37 km) and thick crust (ca. 43 km) in the mobile belts (Fig. 7f) . This ambient noise result shows a variable Moho topography in southern Africa. But the details do not always agree. Their study indicates that the structural variations in the upper crust tend to be anticorrelated with those in the middle and lower crusts, especially in the Kaapvaal Craton and the NNMB. Additionally, a very large velocity jump (from~3.8 to 4.6 km/s) across the Moho is determined in the entire region.
Vp/Vs ratio and crustal composition
Present study
Vp/Vs ratios in crustal rocks are sensitive to rock composition and generally increase with higher mafic contents (Holbrook et al., 1992; Zandt and Ammon, 1995) . In this section, we present our results that indicate a highly heterogeneous composition of the crust with short wavelength variations as reflected by the Vp/Vs ratio (Tables 1 and  S1 ). Our Vp/Vs results are most reliable in the regions with a relatively sharp Moho, i.e., red zones in Fig. 8 .
The crustal composition has the following patterns over the area (Fig. 9a, • The Archean crust of central and southern Kaapvaal largely has values less than 1.73. Western Kaapvaal (Ventersdorp LIP) has the lowest Vp/Vs ratio of 1.67-1.73, which is surprising since one would expect that a LIP should include magmatic underplating and, therefore, high Vp/Vs. However, we cannot exclude that the RFs cannot distinguish a high-velocity lower crust from the uppermost mantle, such that the Moho has been misplaced at the top of the lower crust. Similar misinterpretation has been made in Greenland (cf. Artemieva and Thybo, 2008; Artemieva et al., 2006; Dahl-Jensen et al., 2003; Kumar et al., 2007; Thybo and Artemieva, 2013) . Another possibility is that the lower crust has been metamorphosed into eclogite facies and now either has seismic velocity like the mantle or has been delaminated due to higher density (Griffin and O'Reilly, 1987; Mengel and Kern, 1992 ); • Eastern Kaapvaal (Witwatersrand Basin) has high Vp/Vs of 1.75-1.76, with a local maximum of 1.80 associated with the Vredefort impact structure. Basin subsidence may be caused by density increase related to the LIP, but given that the major Ventersdorp rift is located further west, the underplating and possible eclogitization might have been less intense in eastern than western Kaapvaal; • a marked minimum of 1.68 is ; similar values are observed in the Tati block at the western margin of Zimbabwe Craton; one may argue that this block represents an "undisturbed" Archean crust, whereas the lower crust may be lost in the Ventersdorp segment;
the Namaqua-Natal and the Cape Fold Belts are highly heterogeneous with typical values of Vp/Vs = 1.74-1.78 in NNMB.
Our Hk-stacking analysis shows that the average Vp/Vs of the crust for the entire area is 1.76. For the cratonic region, excluding the mobile belts, average crustal values are k = 1.75 (σ = 0.257) and Vs = 3.68 km/s. These values are in contrast to the assumed Vp/Vs ratio of 1.73 used in previous RF studies (Nair et al., 2006; Nguuri et al., 2001) . The Vp/Vs ratios overall correlate with tectonic structures; the crust of the Ventersdorp LIP, the center of BIC (both in the Kaapvaal) and the northern LP tends to have low Vp/Vs (1.68-1.74), whereas regions affected by dyke-swarm magmatism have very high Vp/Vs (1.85-1.93).
Other regional crustal seismic models
The velocity and density jump across the Moho and the Poisson's ratio of the crust at Kimberley (southern Kaapvaal) was analyzed by Niu and James (2002) RF waveform. They find a density of the lowermost crust of 2.86 g/cm 3 , indicating rocks of felsic to intermediate composition, a density contrast across the Moho of 15.4 ± 2.3%, and 
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Ps-amplitude relative to global average an S-wave velocity jump across the Moho of 17.3 ± 2.2%. This is a minimum estimate since any lateral heterogeneity of velocity within the crust or any lateral variation of Moho depth will produce phase shifts of Pds that degrade the amplitude of the stacked Pds waveform. The resulting average Vp/Vs ratio of the crust beneath the array is 1.742 ± 0.007, whereas we find 1.70 at station SA19. However, we reach almost the same range by averaging the 6 stations around SA19. Nair et al. (2006) find that Vp/Vs ratios in the Kaapvaal Craton are on average less than 1.73 although 1.77-1.82 in the northern part of the craton, including the western BIC (Fig. 9b) . Similar Vp/Vs ratio of 1.8 was found for northern Kaapvaal based on seismic refraction modeling , and was interpreted by the presence of hydrated rocks. Our results indicate that the average Vp/Vs is less than of 1.75 in northern Kaapvaal including BIC. Relatively low Vp/Vs in central Kaapvaal is interpreted by felsic composition of the Archean crust separated from the mantle by a sharp Moho. According to Gore et al. (2009) , Poisson's ratio indicates a relatively more mafic crust (Vp/Vs N 1.76) in the LB than in the Achaean Zimbabwe Craton (Vp/Vs ≤ 1.76), which is in agreement with our finding of 1.75 within the Archean area and 1.79 outside.
6. Crustal structure and tectonic evolution
Cratons of Southern Africa
We discuss the heterogeneity of crustal thickness and composition in the context of the tectono-magmatic evolution of southern Africa since the Archean, based on our results for the Vp/Vs ratio, the Moho depth and Moho sharpness (Table 1) , which indicate a complex mosaic of crustal blocks with significant short-wavelength variations in crustal structure, that do not always follow terrane boundaries established from surface geology. For this reason, we subdivide the area into crustal blocks based on the similarity of the Vp/Vs ratio and the Moho depth (Figs. 7a and 9a) . To simplify the following discussion, the newly recognized crustal blocks are labeled by tectonic setting (Fig. 10) ; characteristic values of the Vp/Vs ratio and the Moho depth are summarized in Table 2 for each crustal block, together with results of previous regional studies. The resulting Hk-stacks are illustrated for typical areas in southern Africa in Fig. 11 and the entire set of stacks is documented in Fig. S4 . We next discuss the crustal blocks from north to south; additional tectonic details and the corresponding references are already provided in Section 2.
Central Zimbabwe Craton (Tokwe block), block Z1
This ancient crustal block made of ca. 3.5 Ga gneisses has a relatively thin crust (35-38 km thick) and Vp/Vs ratio of 1.74-1.79. The Tokwe block could represent an "undisturbed" Archean crust, given that the latest known major tectonic event that affected this part of the Zimbabwe Craton was the emplacement of the Great Dyke in the late Archean. This conclusion is supported by geochemical studies of mantle xenoliths which indicate the presence of extremely depleted lithospheric mantle beneath the southern margin of the Tokwe block (Smith et al., 2009 ). However, the moderately thin cratonic crust and the extremely sharp Moho transition (Fig. 8 ) may indicate that a preexisting lower crust was delaminated in a way similar to that proposed for the Paleozoic Hercynian crust in Europe (cf. Artemieva and Meissner, 2012) .
Western Zimbabwe Craton (Tati block), block Z2
In contrast to the Tokwe block, this crustal block has a deep Moho (47-51 km) but a similar Vp/Vs ratio (1.75-1.77). The thick crust at this western margin of the Zimbabwe Craton can be related to deformation and metamorphism of the Archean rocks, similar to Kheis Belt along the western margin of the Kaapvaal Craton (block K1). Although this part of the Zimbabwe Craton has been affected by the Okavango dyke swarm, the Vp/Vs ratio is similar to the Tokwe block, which indicates similar average crustal composition and therefore relatively shallow manifestation of this magmatic event. However, the Moho has a very gradual structure along the whole area affected by the Okavango Dyke Swarm in this block and the Limpopo Belt, which could indicate magmatic modification of the lower portions of the crust, e.g., by simultaneous intrusion of very large volumes of magma as an underplated layer around Moho, which by slow cooling due to its large volume created a gradual transition. Similar observation has been made at a large batholith in the North Sea area Thybo, 2008a, 2008b) .
Limpopo Belt (LB), blocks L1-L2
Our results do not allow distinguishing the central and the marginal zones of the LB by variations in the crustal structure. However, the LB clearly splits into two crustal blocks with similar crustal thickness (42-46 km) but significantly different Vp/Vs ratios. Some crustal thickening, observed in several regional RF studies (Fig. 7) , can be the result of the collisional event (ca. 2.7 Ga) by which the LB was formed. The central-western part of the LB has "normal" Vp/Vs of 1.70-1.74. In contrast, the eastern block (labeled L1) has highly heterogeneous composition with extreme values of 1.90-1.93 at several stations. This anomalously high Vp/Vs ratio, also observed at one station at the southern margin of the Zimbabwe Craton, is apparently associated with the "triple junction" of the Okavango and Save-Lebombo Dyke Swarms (Burke and Dewey, 1973) and may result from voluminous magmatic intrusions into the crust. The parts of the Limpopo Belt that were affected by the Okavango Dyke Swarm have a very gradual Moho transition, cf. block Z2, but the highest Vp/Vs ratio is observed in L2, where the Moho is relatively sharp.
Bushveld Intrusion Complex (BIC), blocks B1-B3
BIC is exposed only in the western and eastern parts (blocks B2 and B3, respectively); its existence in the central part (block B1) has been proposed based on gravity modeling (e.g., Webb et al., 2004) . Our results indicate that the crustal structure of the three blocks is significantly different (Table 2) , both in crustal thickness and in average crustal composition, although the whole complex has gradual, non-sharp Moho transition. The central part (block B1) has a clear minimum in Vp/Vs ratio (1.68-1.70) indicative of an overall felsic composition of the crust. It is flanked by areas (B2 and most of B3) with "normal" Vp/Vs ratio (1.74), whereas the easternmost part of block B3 has very high Vp/Vs = 1.83-1.84. The latter block, affected by the Olifants River Dyke Swarm, is dominated by mafic composition of the crust, suggesting that (in contrast to the Tati block of the Zimbabwe Craton) magmatism has modified much of the 44-49 km thick crustal column. The western BIC lobe (block B2) has a typical continental crustal thickness of 39-42 km, whereas the central BIC (block B1) has the deepest Moho within the Bushveld area, 45 km to 50 km. A similar thick crust is observed in other Archean regions worldwide, such as in the Medicine Hat-Wyoming blocks in the Canadian Shield (Clowes et al., 2002) and in the Anabar Shield in Siberia (Cherepanova et al., 2013) . We argue that, given its overall felsic composition, the thick crust in Central Bushveld may mark a paleocollisional zone rather than an intrusion. As an analog one may note that Paleoproterozoic rapakivi granites in the Baltic shield form a semicircle around a deep crustal root in Central Finland, at the boundary between the Archean and the Paleoproterozoic terranes Artemieva et al., 2006) . Similarly, the crustal root in Central Bushveld may have deflected rising magmas sideward, leading to the formation of two lobes of the intrusive complex.
Ancient terranes in NE Kaapvaal, blocks PGM and BGB
The Pietersburg-Giyani-Murchison block (PGM) and the Barberton Greenstone Belt (BGB), which represent the most ancient crust in the southern African region (ca. 3.4-3.7 Ga), have markedly different crustal structure. Both terranes represent remnants of extensive fold and thrust belts with complex, but different polyphase tectonic histories. The PGM block has a relatively thin crust (34-39 km), uniform Vp/Vs of 1.74 and a gradual Moho transition, whereas the BGB block has a deeper Moho (44 km, one station only) and higher Vp/Vs ratio of 1.77, which corresponds to a more mafic composition of the crust. The PGM and BGB blocks are separated by crust, which was significantly modified by the Olifants River Dyke Swarm (the eastern block of BIC, B3). The southern boundary of the PGM block corresponds to the ThabazimbiMurchison Lineament, which is not only a surface feature (Thomas et al., 1993) but clearly is a significant crustal-scale tectonic element.
6.1.6. NW Kaapvaal Craton (the Gaborone Granites), block G This area has a 41-46 km depth to Moho (Moho is sharp) and a high Vp/Vs ratio of 1.77-1.80 with a strong signal from the mid-crustal discontinuity as well as a relatively sharp Moho transition. Thick crust and high Vp/Vs may be related to the Eburnian orogeny (ca. 2.0 Ga) along the western margin of the Kaapvaal Craton (the last major tectono-magmatic event in the area), which led to deformation of the Archean rocks and metamorphism. Crustal thickening during collisional tectonics could have been accompanied by emplacement of mantlederived magmas into the base of the crust which, in turn, promoted anatexis of depleted protoliths suitable for the generation of A-type granites (Key and Wright, 1982; Moore et al., 1993) .
Central Kaapvaal (the Witwatersrand Basin), block W
This block has a crustal thickness of 38-40 km and a Vp/Vs ratio of 1.75-1.78. Some crustal thinning as compared to crustal blocks to the north and a shift towards a more mafic crustal composition can be ancient features (ca. 2 Ga old) produced in response to either the Vredefort impact or to the Ventersdorp-LIP tectono-magmatic event.
Particularly, magmatic intrusions associated with the Ventersdorp rifting could be partially responsible for Proterozoic basin subsidence.
The Vredefort crater, block V1
The crater is located in the heart of the Witwatersrand Basin, where the impact event (2.023 Ga) has exposed most of the ca. 3.1 Ga crust, probably down to the crust-mantle transition (Hart et al., 1990a) . Given a unique exposure of a complete crustal section, it is often used as a benchmark cross-section of the typical Archean crust, including crustal composition and concentration of heat producing elements (Lana et al., 2003; Rudnick and Fountain, 1995) . Our results demonstrate that this crustal cross-section is non-representative of Archean crustal structure. The Vredefort crater has an anomalously shallow Moho at a depth of 34 km and an anomalously high Vp/Vs ratio of Table 2 for details). 1.80. As in other large meteoritic shock-related structures, the crust has been subject to high-pressure metamorphism which led to a significant local increase of the Vp/Vs ratio, not observed at the other adjacent stations (Fig. 9 ). This anomalous Vp/Vs ratio can also, at least in part, be caused by erosion of the upper crust after the impact and/or by metamorphism associated with impact-caused local heating. This conclusion is supported by the presence of massive to foliated metamorphosed granitoids (ca. 3.0 Gy old) in a 10 km thick middle crustal layer, which overlie a 3.5 Gy old gneiss complex of the lower crust (Hart et al., 1990b; Moser et al., 2001; Stepto, 1990) .
Western Kaapvaal (the Ventersdorp rifting and LIP), block V2
This crustal block includes the area affected by two consequent largescale intracontinental thermal events: (1) rifting at ca. 2.7 Ga and (2) the emplacement of flood basalts (LIP), probably as a result of the second rifting episode at ca. 2.05 Ga. A relatively thin crust (Moho at 34-39 km depth) in the block is typical of Phanerozoic extensional regions. A composite reflection seismic section of the Kaapvaal Craton constrained by eight deep-seismic reflection profiles (de Wit and Tinker, 2004) suggests that regional extensional tectonism affected the entire crust and probably parts of the lithospheric mantle from which at least some of the extensive basaltic-komatiitic volcanics of the Ventersdorp may have been derived (Meyers et al., 1990) . However, in contrast to expectations, low Vp/Vs ratio of 1.69-1.73 rules out the presence of voluminous mafic intrusions in the crust. This conclusion is supported by the absence of mafic granulites in the lower crustal xenoliths (Schmitz and Bowring, 2003) . Other RF studies reported similar values of Vp/Vs = 1.74 (σ = 0.254) and Vs = 3.71 km/s in the Kimberley block (e.g., Niu and James, 2002) and support the widely accepted view that a mafic lower crustal layer is lacking beneath this part of the Kaapvaal Craton , except for some intruded ultramafic-mafic bodies (Nair et al., 2006) . The latter interpretation, however, does not explain the presence of the intra-crustal discontinuity (Fig. 5) . We propose that the relatively thin crust and low Vp/Vs ratio in the region affected by large-scale rifting indicate delamination of the lower crust and mantle lithosphere in Late Archean-Paleoproterozoic time. However, also extension may produce a sharp Moho transition, but the high velocity lower crust would probably be thinned as the rest of the crust and therefore the average crustal velocity should remain higher after extension than after delamination. The Moho transition in block V2 is very sharp, similar to K3 and K4, which support the delamination hypothesis. This hypothesis does not contradict Re-Os isotope data on the ages of the mantle lithosphere in the Jagersfontein and Kimberley kimberlites where Re-depletion model ages older than 2.7 Ga are not documented (Pearson, 1999) . Our interpretation fundamentally disagrees with the hypothesis of James et al. (2003) who tagged this area as the "undisturbed" Archean crust.
Southern Kheis Belt, block K1
Although this block has only one seismic station (SA 22), we distinguish it by a deep Moho (48 km), extremely high Vp/Vs = 1.91 and a gradational Moho transition. The station shows a clear signal for crustal layering with a ca. 16 km thick lower crust, in agreement with the earlier observation of the thick, high-Vs lower crust (Yang et al., 2008) . We interpret this crustal structure to represent a paleo-suture related to deformation and metamorphism of the Archean rocks along the western margin of the Kaapvaal Craton. 6.1.11. Northern Kheis/Okwa and SE Kaapvaal, blocks K2-K3
These blocks have markedly similar crustal parameters, with a uniformly thin cratonic crust with a thickness of 34-35 km, a uniform normal Vp/Vs ratio of 1.74 and a sharp Moho transition. This similarity may indicate that a pre-existing tectonic block including the two regions became separated at surface by the Ventersdorp LIP province. The crustal thickness is similar to the Ventersdorp LIP but the Vp/Vs ratio, surprisingly, is higher. Crustal thinning in blocks K2-K3 may be associated with delamination processes and extensional tectonics in the Ventersdorp province, which however only weakly affected the overall crustal composition in the adjacent crustal blocks.
Western-Eastern Kaapvaal boundary (between blocks V2 and W/K3)
The boundary is marked by the Colesberg Magnetic Lineament (CML) (Schmitz et al., 2004) . It manifests subduction-related and collisional processes (2.7-2.9 Ga) and separates the late and the MidArchean blocks of Kaapvaal. Our high-resolution model indicates high Vp/Vs = 1.76 around the CML and the collisional boundary between the Western and Eastern Kaapvaal (Fig. 9a) . This feature is not, however, expressed in the Moho depth variations.
6.1.13. South-Central Kaapvaal Craton, block K4
One more crustal block in the Kaapvaal is recognized by a deep Moho (at 39-41 km), although the Vp/Vs ratio (1.71-1.74) and the very sharp Moho transition are similar to blocks K2-K3. This crustal structure is similar to many parts of the East European and the Siberian Cratons Cherepanova et al., 2013, and references therein) and the Canadian shield (Darbyshire et al., 2007) and thus is a candidate for a typical Archean crust.
6.1.14. Kheis-Namaqua-Natal border, block NK This block marks the transition between the Kheis Belt and the NNMB and is characterized by an extremely low Vp/Vs ratio of 1.66- 1.69 and a slightly deeper Moho (40-43 km) than in adjacent crustal blocks. The Vp/Vs ratio is the lowest for the entire southern Africa and suggests that no mafic crust is present.
6.1.15. Namaqua-Natal Mobile Belt (NNMB), block NN This region has a highly heterogeneous crustal structure. Typically the crust is thick (41-48 km) and Vp/Vs is in the range of 1.69-1.78 with one anomalous station (SA08) with the highest value in the area (Vp/Vs = 1.95 with crustal thickness of 48 km). Thick crust and high Vp/Vs are typical of a collisional belts with a possible mafic intrusive component, e.g., mafic granulites (Dawson and Smith, 1987) . This interpretation is also in agreement with the observed gradual Moho transition. 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 1.9 1.8 1.7 1.6 2.0 Fig. 11 . Average crustal thickness and Vp/Vs ratio estimation using Hk-stacking analysis for selected stations. Contour plots of the Hk-stacking analysis for all stations used in southern Africa are shown in Supplementary Fig. S4 . ratio between 1.60 and 1.90. Strong crustal heterogeneity reflects a mosaic of crustal terranes with different origin and ages (including some Precambrian blocks) which were amalgamated during the assembly of Pangea.
Comparison to crustal structure in other cratons
Our results indicate large regional variability in the Moho depth beneath the Kalahari Craton, with values ranging from 33 to 35 km to ca. 50 km in the Kaapvaal and Zimbabwe Cratons and up to ca. 55 km in the Limpopo Belt (Table 1) . Although the range of these values fully corresponds to the typical range of the Moho depth variations observed globally in other Archean terranes, the variability in the crustal thickness values at craton-scale is extreme in southern Africa. Similar heterogeneity in the crustal structure has been reported for the Indian shield , which split from southern Africa during the breakup of Pangea. In particular, joint inversion of PRFs with Rayleigh-wave group velocities demonstrate significant variations in the crustal thickness and low crustal S-wave velocities in India, with the Moho depth ranging from 32 to 35 km beneath the Archean East Dharwar and Bundelkhand Cratons (with lower crustal velocities around 3.8-3.9 km/s), over 45-50 km in the Archean West Dharwar Craton and Southern Granulite Terrane, and to 50-65 km in the Proterozoic crust of the Bhandara Craton and the Aravalli-Delhi Belt, where lower crustal velocities are around 4.2-4.3 km/s. This pattern is similar to southern Africa, where crustal blocks with an (apparently) extended or delaminated lower crustal layer have thin crust as compared to magmatically and tectonically reworked Archean-Proterozoic crust.
Significant variations in the Moho depth are also reported for the Canadian shield (e.g., Clowes et al., 2002; Darbyshire et al., 2007; Keller, 2013) , the East European Craton (including its exposure in the Baltic shield) , the Siberian Craton (Cherepanova et al., 2013) , and Precambrian Australia (Salmon et al., 2013) . Crustal thickness varies in a smaller range of 36-42 km in the smaller-size Tanzanian Craton (Last et al., 1997) . We thus conclude that significant short-wavelength variability in the crustal thickness is an inherent feature of the cratonic crust which reflects the complex history of its formation, amalgamation, and tectono-magmatic reworking.
Our results demonstrate that the composition of the cratonic crust is also significantly heterogeneous. This finding is in contrast to recent results from the Indian shield where rather uniform Poisson's ratios close to 0.25 were determined (Kumar et al., 2001; Saul et al., 2000) . Similarly, low values were estimated for the Archean Tanzanian Craton (σ = 0.24-0.26) and the Proterozoic Arabian shield (Kumar et al., 2002; Last et al., 1997) , suggesting that Poisson's ratios close to 0.25 may be more characteristic of the Precambrian crust than the higher value of 0.29 (Zandt and Ammon, 1995) . Although low Poisson's ratios are also consistent with the estimated average continental crust composition with 59% silica content (Rudnick and Fountain, 1995) , our results for southern Africa demonstrate that Archean terranes with low Vp/Vs may have lost a significant portion of the lower crust. At the same time, the existence of Archean terranes with very high Vp/Vs ratio questions the possibility of tagging any Archean block as "typical" or "undisturbed" cratonic crust.
Conclusions
We present new results on the crustal structure, Moho depth and crustal composition in the southern African Cratons. Based on the results from calculating 6300 RFs for the entire SASE dataset at 85 stations, we develop a new detailed regional model of crustal thickness and Vp/ Vs ratio variations. The current model has a higher resolution than previous studies. This advantage arise from analyzing the crustal parameters using full Hk-stacking interpretations along with multi-frequency bands of the data recorded by all 85 broadband seismic stations.
Increased resolution allows imaging of small-scale features that the previous studies were unable to image.
The southern African crust is characterized by considerable heterogeneity with short wavelength variations in crustal thickness, composition and Moho structure, and it shows the presence of a mid-crustal discontinuity within some cratonic blocks.
Data on the depth to Moho and Vp/Vs ratio allows us to distinguish ca. 20 crustal blocks divided by boundaries, which do not everywhere follow terrane boundaries recognized from surface tectonics. The following major crustal features are recognized from north to south:
• Zimbabwe Craton: The Tokwe block with H = 35-38 km and k = 1.74-1.79 may potentially represent "undisturbed" Archean crust, although a pre-existing lower crust may have been delaminated, whereas crustal thickening in the Tati block (H = 47-51 km) can be related to deformation of the Archean crust along the cratonic margin. • Vredefort impact crater: The shallow Moho (34 km) and anomalously high Vp/Vs (1.80) may be attributed to shock metamorphism, and the exposed crustal cross-section therefore is nonrepresentative of the cratonic crust.
• Witwatersrand Basin and Colesberg Magnetic Lineament have typically high k = 1.76, whereas the SW Kaapvaal/Kheis/Namaqua transition has anomalously low Vp/Vs = 1.66-1.67.
• Namaqua-Natal and Cape Fold Belts both have a highly heterogeneous crust, regarding both crustal thickness and Vp/Vs ratio.
We interpret the sharp Moho in thin crust with small Vp/Vs as an indication that some portions of the Archean Cratons in southern Africa have lost their lower crust during their evolution, possibly by delamination processes that would remove the most mafic parts of the crust and leave a felsic crust with the characteristic low Vp/Vs.
The results of the present study demonstrate that the cratonic crust represents a mosaic of blocks with variable thickness and composition that were formed and reshaped by an interplay of different tectonothermal processes that were active during and after craton formation. Our observation of extreme short-wavelength structural and compositional heterogeneity of the cratonic crust in southern Africa, as well as in other cratonic regions worldwide, shows that "typical" cratonic crust cannot be defined.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.tecto.2013.09.001.
